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In this paper, we study the observability of an invisible Higgs boson at Fermilab Tevatron and 
CERN LHC through the production channel qq —> ZH — > £ + £~ + f T , where is reconstructed 
from the £ + £~ with £ = e or g. A new strategy is proposed to eliminate the largest irreducible 
background, namely qq —► Z (—> £ + £~)Z(—> vv). This strategy utilizes the precise measurements of 
qq —> Z(—> £ + £~)Z(—> £ + £~). For rriH = 120 GeV and with luminosity 30/6 -1 at Tevatron, a 5a 
observation of the invisible Higgs boson is possible. For tuh = 114 ~ 140 GeV with only 10/6“ 1 
luminosity at LHC, a discovery signal over 5a can be achieved. 

PACS numbers: 14.80.Cp 


I. INTRODUCTION 

Understanding the mechanism of electroweak symme¬ 
try breaking (EWSB) is a primary goal of the Fermi¬ 
lab Tevatron, CERN LHC and the proposed ILC. In the 
standard model (SM) of high energy physics, EWSB is 
realized via a weak-doublet fundamental Higgs field. Af¬ 
ter EWSB spontaneously, namely Higgs field acquiring a 
vacuum expectation value (VEV), only one neutral Higgs 
boson is left in particle spectrum. The Higgs boson mass 
is theoretical unknown within the SM. Therefore search¬ 
ing all mass region is necessary and great efforts have 
been put on it since the establishment of the SM. The 
latest direct search at LEP sets the lower bound of SM 
Higgs boson of 114.4 GeV at 95% confidence level (CL) 
P. The Higgs boson can also affect electro-weak ob¬ 
servables through radiative corrections. Therefore pre¬ 
cise measurements of these observables can predict the 
Higgs boson mass. Studies show that data from LEP, 
SLD and Tevatron are in good agreement with SM pre¬ 
dictions [23jj]. Based on the global fit of those data, the 
Higgs boson mass is predicted to be mu = 98+36 GeV 
and rriH < 208 GeV at 95% CL using latest preliminary 
top quark mass m t = 174.3 ± 3.4 GeV [2]. 

The Higgs boson decay width in the SM varies dra¬ 
matically within the experiments preferable mass region 
114.4 ~ 208 GeV. For example, for mn = 120 GeV, 
T{H) ~ 3.65 MeV while for m H = 200 GeV, T(H) ~ 
1.425 GeV 0. The tiny decay width for light Higgs 
(< 2miv) is due to the suppressed coupling among Higgs 
boson and fermion which is proportional to m //mw with 
irif the light fermion mass. Therefore the light Higgs bo¬ 
son (< 2 mw) can possibly decay into non-SM particles 
with large branching ratio. For example the Higgs boson 
may decay dominantly into scalar dark matter in the sim¬ 
plest cold dark matter model Q. Study of Ref. 0 shows 
that the correct cold dark matter relic abundance within 
3 ct uncertainty (0.093 < Uldmh 2 < 1.129) and experimen¬ 
tally allowed Higgs boson mass (114.4 < m# < 208 GeV) 
constrain the scalar dark matter mass within 48 < ms < 
78 GeV. This result is in excellent agreement with that of 
W. de Boer et.al. (50 ~ 100 GeV) [g. Such kind of dark 
matter annihilation can account for the observed gamma 


rays excess (10cr) at EGRET for energies above 1 GeV 
in comparison with the expectations from conventional 
Galactic models. The most important phenomenological 
consequence of this model is that the Higgs boson decays 
dominantly into scalar cold dark matter if its mass lies 
within 48 ~ 64 GeV. In Ref. §| 0(1 ~ 100) MeV scalar 
dark matter was proposed to account for the observation 
of a 511 KeV bright 7 -ray line from the galactic bulge Jgj. 
From theoretical point of view, containing a stable singlet 
scalar which interacts possibly with SM Higgs boson, is 
a generic feature of models of scalar dark matter 0 [ljj. 
In other models beyond the SM, it is not rare that the 
Higgs boson can decay into dark matter. For example in 
supersymmetical models with R-parity, the Higgs boson 
can decay into pair of neutralino if kinematically allowed. 

Another reason why light Higgs boson is especially 
interesting is due to the aspect of experiments. It is 
known for a long time that hadronic asymmetry mea¬ 
surements, namely A b FB ,A c FB and Qfb prefer the heav¬ 
ier Higgs mass with central value around 400 GeV, while 
the leptonic ones, mw,Fz and Re prefer the very light 
Higgs which already indicates certain tension with direct 
search limit 114.4 GeV 0. While such situation maybe 
totally due to statistical fluctuations, it is not unreason¬ 
able to suspect that some unknown systematic errors lie 
in hadronic asymmetry measurements. If this is true, the 
SM Higgs boson tends to lie just above the current direct 
search limit, otherwise the tension will become stronger. 

In this paper we will study invisible Higgs boson in ZH 
associated production channel in which Higgs boson de¬ 
cays invisibly, i.e. we can’t tag Higgs decay products, and 
Z —> £ + £~ with £ = e,n. The signal is £ + £~fj, where f T 
is reconstructed from the £ + £~. This channel has been 
widely discussed in literature As one 

of the characteristics of this mode, we can’t get Higgs bo¬ 
son invariant mass peak out of continuum background. 
Therefore it is quite interesting to know how to get Higgs 
boson mass information from the experimental measure¬ 
ments. As pointed out by Ref. [lj], this process may 
provide an interesting handle on the Higgs boson mass 
at LHC. The Higgs mass can be extracted from the pro¬ 
duction cross section and the uncertainty is 35-50 GeV 
(15-20 GeV) with integrated luminosity 10(100)/6 -1 at 
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LHC 13 HH- Therefore, precise understanding of back¬ 
grounds is essential. At hadron colliders the precise pre¬ 
dictions for backgrounds are commonly thought difficult 
because of uncertainty in parton distribution function 
(PDF), large QCD radiative corrections etc. However 
for this channel, we only care about charged leptons final 
states, and the backgrounds seem to be less severe than 
those of hadronic final states. Another interesting ques¬ 
tion is how to suppress background efficiently. In litera¬ 
ture, lots of techniques are proposed [ill, HI; HE HU HU ■ 
However the largest irreducible ZZ background, with one 
Z decays into neutrinos and the other charged lepton pair, 
can’t be eliminated by kinematical cuts. In this paper, 
we will propose a method, i.e. utilizing the precise mea¬ 
surement of Z{—* £ + £~)Z( —> £ + £~), to reduce the largest 
irreducible ZZ background. 

II. DETAIL SIMULATION 

In this paper, we consider the production of Higgs bo¬ 
son in association with a Z boson, and Higgs decays 100% 
invisibly. Therefore the signal is: 

pp {or p) —> Z(-+ £ + £~) + hinv ; £ = e,p. (1) 

As the signal is where f’j. is reconstructed 

from the £ + £~, the most significant sources of background 
are 

Z(-> £+£~)Z(-> uu), W+(-> i+v)W~(-+ £~D), 

Zh £ + £~)W{-> £v), (2) 

with the lepton (e, p and r, and only here we consider 
r lepton) from the W decay in ZW missed, and Z + 
jets final states with fake El El We simulate the 
signal and the three backgrounds in Eq. © using Pythia 
(171 ] without initial and final QCD and QED radiation 
corrections. In order to reduce the fake f T background 
to an insignificant level, we set f T > 85,100 GeV for 
LHC El and f T > 55, 75,100 GeV for Tevatron HI- 

We adopt the following “LHC cuts” from [l4 j: 

Pt^) > 10 GeV, |i 7 (£ ± )| < 2.5, A R(£+£~) > 0.4, (3) 

where p denotes pseudo-rapidity and A R is the separa- 
ti on between the two particles in the detector, A R = 
i/(A?y ) 2 + (A0) 2 ; </> is the azimuthal angle. The WW 
background can be largely eliminated by 

| m.£+£- — mz | < 10 GeV, A (f>e+e- < 2.5. (4) 

In order to reduce the third background in Eq. m , we 
veto events with 

Pt{£) > 10 GeV, \v(£)\ < 3.0. (5) 

At Tevatron we adopt the following “Tevatron cuts” 
from HI: 

Pt^) > 12 GeV, M^)] < 2.0, A R(£+£~) > 0.4,( 6 ) 
\ m e+e~ — m z I < 7 GeV, A<f> e + e - < 2.7, (7) 


and veto events with 

Pt{£) > 10 GeV, \v(£)\ < 2.5. (8) 

The signal and background are shown in Fig. 1 and 2 



FIG. 1: Missing pr distribution for Z (—» e + e _ ) + hi nv signal 
and backgrounds at Tevatron with = 2 TeV after apply¬ 
ing the ’’Tevatron cuts” in Eqs. 0, Q and 0. Here ”C" 
represents signal with rrih = 120, 130 and 140 GeV from top 
to bottom, and ”SUB” stands for R x < 742/2 (see text). 



Missing pT [GeV] 

FIG. 2: Same conventions with figure^but at the LHC with 
y/s = 14 TeV after applying the ”LHC cuts” in Eqs. 0 , 0 
and 0 . 

After imposing cuts in Eqs. 00 , the remaining 
largest irreducible background is ZZ, as shown in Fig. 
1 and 2. This background cannot be eliminated via kine¬ 
matical cuts. Therefore we propose to utilize the mea¬ 
surement of Z(—> £ + £~)Z(-^> £ + £~) (in short ZZ —> &£ 
hereafter) to reduce this background. This idea is quite 
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natural because of two reasons. The first one is that 
ZZ —> A£ is almost background fn>e;18 due to the 
excellent leptonic reconstruction efficiency and mass res¬ 
olution of Z boson (decays to a pair of charged leptons). 
For example with integrated luminosity 30 fb~ 1 cross 
section of this channel can be measured to an accuracy 
of 5% at LHC 0- The second reason is that ZZ back¬ 
ground and ZZ —> At share almost the same kinematics, 
the same higher order QCD radiative correction and PDF 
uncertainties, as well as the uncertainty of luminosity etc. 
We can then get improved ZZ background by subtracting 
contributions from ZZ —> At 


ZZ,improved _ ZZ p „ _ /n\ 

®bkg ®bkg ' ^ ^ At ( 0 ) 

where a^u is the cross section for ZZ —> At with each 
pair of leptons satisfying ”LHC cuts” or ’’Tevatron cuts” 
in Eqs. P%|) . Actually ZZ —* At event does not have 
missing Pt if we run through all the final state particles. 
However in our case f T is reconstructed via the momen¬ 
tum of charged lepton pair, invariance mass of which is 
effectively around mz- Thus ZZ —> At is the extra data 
set which is not included in that of t + £~ f T . Note that 
the purity of ZZ —> At is the most crucial factor for the 
subtraction purpose. Thus besides ”LHC cuts” or’’Teva¬ 
tron cuts” (e.g. invariance mass of each pair is effectively 
around mz), we can further require that missing Pt of 
four leptons should be small, in order to guarantee that 
they do come from ZZ. The detail study of ZZ —» At can 
be found in Ref. [3|. In Eq. (0 R is the ratio defined 
as 


2 1 Br ( z Wi) 

3 Br(Z^e+e~) 


( 10 ) 


t, • i • ,i , ZZ,improved _ • r 

it is obvious that cr hkg ~ U if we can measure 

all 4 charged lepton final states in any kinematical re¬ 
gion. Though this ratio at tree level can be expressed as, 
omitting the final state lepton mass, 


( g ^) 2 + ( g ^) 2 

Pr + igf) 2 


( 11 ) 


with g\J ] = tIQ - 2 sin 2 6»wQ (/) and g { / ] = . The 

higher order radiative corrections can be included by re¬ 
placing the couplings gv and gA by the effective ones. 
In this paper we alternatively adopt the experimental 
central values as input: T(Z —> inv) = 499 MeV and 
r(Z -> £+£-) = 83.984 MeV H3, and get 


2 T(Z inv) 

3 T(Z^£+£~) 


3.961. 


( 12 ) 


In Fig. 1 and 2, we also show the f } T distribution for 
At process (in fact, one can reconstruct two equal f } T 
based on two pair of leptons, and invariant mass of each 
lepton pair is around Z mass peak). The shape of ZZ 
background and ZZ —> At process is very similar and the 


difference represents the incomplete cancelation due to 
the kinematical cuts on charged leptons. 

Our results for the background and signal cross sec¬ 
tions are tabulated in Table [fl for Tevatron and qh for 
LHC. The corresponding signal to background ratio, 
S/B, and significance, S/a/B, are tabulated in Table m 
for Tevatron and IIVI for LHC. 


j/t cut 

B (ZZ) 

improved B (ZZ) B(WW) B(ZW) 

55 GeV 

6.73 

1.78 fb 

2.96 fb 

0.70 fb 

75 GeV 

3.96 

0.97 fb 

0.71 fb 

0.35 fb 

100 GeV 

1.96 

0.45 fb 

0.10 fb 

0.15 fb 



S(Z + hinv) 



j/t cut 

rrih = 120 

130 

140 GeV 


55 GeV 

2.07 fb 

1.62 fb 

1.27 fb 


75 GeV 

1.46 fb 

1.18 fb 

0.95 fb 


100 GeV 

0.88 fb 

0.73 fb 

0.61 fb 



TABLE I: Background and signal cross sections for associated 
Z (—► £ + £~) + hinv production at the Tevatron, combining the 
ee and gg channels. 


j/t cut 

B (ZZ) 

improved B (ZZ) B(WW) B(ZW) 

85 GeV 

30.4 

9.1 fb 

2.6 fb 

6.2 fb 

100 GeV 

22.0 

6.4 fb 

1.1 fb 

4.1 fb 



S(Z + hinv) 



j/t cut 

rrih = 120 

130 

140 GeV 


85 GeV 

10.5 fb 

8.8 fb 

7.4 fb 


100 GeV 

8.3 fb 

7.1 fb 

6.0 fb 



TABLE II: Same with Tablc[I]but at the LHC. 


From Table m we can see that ZZ background is 
greatly eliminated after including the measurement of 
ZZ —* At. Accordingly S/B and S/\ /f B are improved 
significantly. At Tevatron, for mn = 120 GeV and with 
luminosity 30/6 “ 1 , over 5cr observation of Higgs boson is 
possible through this channel, while one can only achieve 
the significance less than Aa without input from mea¬ 
surement of ZZ —> At. For the heavier Higgs mass even 
for ttlh = 140 GeV, this channel can yield a signal of 
3cr significance with 30/6 -1 luminosity. At LHC, our re¬ 
sults show that for 114-140 GeV Higgs boson and with 
only 10/6' 1 luminosity, this channel can provide over 5cr 
significance observation of invisible Higgs boson. 


III. DISCUSSIONS AND OPEN QUESTIONS 

In this paper we studied the invisible Higgs boson at 
Fermilab Tevatron and CERN LHC, i.e. qq —> ZH —> 
£ + £~ + pj,, where f T is reconstructed from the £ + £~ 
with £ = e or g. Moreover, in order to reduce the largest 
Z{—y £ + £~)Z(-^> vv) background, we propose to utilize 
precise measurement of Z{—> £ + £~)Z(—> £ + £~) as input. 
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cut 

mi = 120 GeV 

S/B S/V^ (10 fb" 1 2 3 4 5 6 7 8 9 ) S/VB (30 fb” 1 ) 

55 GeV 

75 GeV 

100 GeV 

0.38(0.25) 2.81(2.26) 4.86(3.91) 
0.72(0.29) 3.20(2.06) 5.61(3.57) 
1.26(0.40) 3.32(1.87) 5.76(3.24) 

j/t cut 

mh = 130 GeV 

S/B S/VB (10 fb" 1 ) S/VB (30 fb -1 ) 

55 GeV 

75 GeV 

100 GeV 

0.30(0.19) 2.20(1.77) 3.80(3.06) 
0.58(0.24) 2.62(1.67) 4.54(2.88) 
1.04(0.33) 2.76(1.55) 4.78(2.70) 

j/t cut 

mh = 140 GeV 

S/B S/VB (10 fb" 1 ) S/VB (30 fb -1 ) 

55 GeV 

75 GeV 

100 GeV 

0.23(0.15) 1.72(1.39) 2.98(2.40) 
0.47(0.19) 2.11(1.34) 3.65(2.32) 
0.87(0.28) 2.31(1.30) 3.99(2.25) 

TABLE III: Signal significance for associated Z(—> l + £~ 
hi„ v production at the Tevatron, combining the ee and 
channels. The numbers in the parentheses correspond to 
background without improvement (see text). 

j/t cut 

mh = 120 GeV 

S/B S/VB (10 fb" 1 ) S/VB (30 fb -1 ) 

85 GeV 

100 GeV 

0.59(0.27) 7.8(5.3) 13.6(9.2) 

0.72(0.31) 7.7(5.0) 13.3(8.7) 

j/t cut 

mh = 130 GeV 

S/B S/VB (10 fb" 1 ) S/VB (30 fb -1 ) 

85 GeV 

100 GeV 

0.49(0.22) 6.6(4.4) 11.4(7.7) 

0.61(0.26) 6.6(4.3) 11.4(7.5) 

j/t cut 

mh = 140 GeV 

S/B S/^B (10 fb” 1 ) S/VB (30 fb” 1 ) 

85 GeV 

100 GeV 

0.41(0.19) 5.5(3.7) 9.6(6.5) 

0.52(0.22) 5.6(3.6) 9.6(6.3) 

TABLE IV: Same with Tabic |M| but at the LHC. 


Our study shows that at Tevatron, for mu = 120 GeV 
and with luminosity 30/6“ , over 5er observation of Higgs 
boson is possible via this channel. At LHC, for 114-140 
GeV Higgs boson and with only 10/6 -1 luminosity, this 
channel can achieve over 5cr discovery. We should note 
that the feasibility of this discovery mode depends cru¬ 
cially on the understanding of the backgrounds. There¬ 
fore the simulation incorporated with at least NLO QCD 
radiative correction for signal [20] and background |2lJ 
is very important and will put the analysis on a firmer 
ground. Moreover we are aware that the simulation pre¬ 
sented here is very rough and the full detector simulation, 
which is beyond the scope of this paper, is the natural 
further investigation. 


It is worth to mention that invisible Higgs boson 
can also be investigated through weak boson fusion 
(WBF) provided that events with two energetic forward- 
backward jets of high dijet invariant mass and with sub¬ 
stantial missing transverse momentum can be triggered 
efficiently [22j . The study shows that it is possible to dis¬ 
cover invisible Higgs boson with masses up to 480 GeV at 
the 5 sigma level if the invisible branching ratio is close 
to 100% [22j- While WBF can detect invisible Higgs bo¬ 
son with higher mass, the ZH channel may provide a 
better handle on the mass determination |lj| • Moreover 
the combined analysis of WBF and ZH modes allows a 
relatively model-independent determination of invisible 
Higgs boson mass. 
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